Abstract: A hollow optical waveguide is proposed in which light can be confined in an air gap between a distributed Bragg reflecting (DBR) mirror and a high-index-contrast grating (HCG) mirror. Because of the combined effect of vertical (DBR) and lateral (HCG) periodicity, the proposed hollow waveguide shows a small modal birefringence on the order of 10 À4 . In addition, a patterned HCG is shown to provide 2-D optical confinement, which is an important requirement for practical compact photonic devices. The proposed hollow waveguide is fabricated, and a low birefringence of 5 Â 10 À4 is demonstrated experimentally.
Introduction
Hollow optical waveguides have been attracting much attention for various applications in including sensing for clinical, industrial, and environmental applications [1] - [4] , spectroscopy [5] and optical communications [6] . A novel concept for guiding light in a core with a refractive index lower than that of cladding was proposed in form of Bragg fibers [7] , Omni waveguides [8] and antiresonant reflecting optical waveguides (ARROWs) [9] . Attenuation and nonlinearities resulting from the interaction of light with the dense, material-filled core in conventional dielectric waveguides can be circumvented by confining light in an air core using highly reflective walls [10] . Temperature insensitivity and wide tuning are two inherent characteristics of hollow waveguides (HWGs) [11] which can be utilized to make widely tunable photonic devices without any need of temperature controllers.
Design flexibility of HWGs is a key to build the photonic devices with various functionalities [12] - [14] . Strong vertical optical confinement in HWGs can be achieved using top and bottom distributed Bragg reflectors (DBRs) as cladding, having quarter-wavelength-thick layers designed for oblique incidence of light [15] , where light is guided in the air gap in between the two DBRs. The reflectivity of DBRs in the HWG is highly polarization dependent because of the periodicity only in one direction which is Y -direction in our case. Usually, the complex geometries support TE-like and TM-like modes, but for convention we call them TE and TM modes. The polarization is TM if the E-field lies in Y -direction i.e., parallel to the direction of periodicity in DBR (we call it vertical periodicity) and perpendicular to the direction of propagation (Z ). While for TE polarization, the E-field lies in X -direction, we call it lateral direction. Due to a larger field penetration into the DBRs for TM mode than TE mode, the propagation constant TM is larger than TE and hence resulting in a significant birefringence. The polarization dependence of a HWG becomes very large at a narrow air core [16] where a HWG offers giant tuning of over 10% in propagation constant [11] . However, for many applications, it is desirable to have a low birefringence. In this paper, we propose and demonstrate a novel HWG structure with a very low birefringence.
We began by noting that the birefringence of the HWG largely comes from the guiding DBR having periodicity only in the one direction. If a lateral periodicity (perpendicular to both, the direction of propagation and the direction of DBR periodicity) is introduced in the HWG, the polarization dependence of the HWG can be reduced. High-reflectivity DBRs can be replaced with a high-indexcontrast grating (HCG) mirror which gives broadband high reflection [17] - [18] . Recently, HCG HWGs were proposed to achieve an extremely low loss (G 0.01 dB/m) [19] . The HCG mirror can be introduced, as a lateral periodicity, in HWGs to reduce its birefringence. The combined (and opposite) effect of DBR (vertical periodicity) and HCG (lateral periodicity) enable us to reduce birefringence even at a narrow air core. Important issues are how to realize low-loss 3-D HWGs and how to increase the design flexibility in their polarization dependence. The introduction of HCG into HWGs can extend the fabrication tolerance of the structure because of the large fabrication tolerance of HCG [17] . Also, because of the ease of fabrication of HCG, it is possible to design it for one particular polarization, making polarization control very flexible. With the flexibility of HCG design, it is possible to build HWGs with widely tunable polarization nature for variety of applications.
In this paper, an HWG with vertical and lateral periodicity is proposed which consists of a DBR mirror as vertical periodicity and an HCG mirror as lateral periodicity. We show that the combination of DBR and HCG mirrors can provide strong optical confinement and can reduce the birefringence of the HWG with narrow air cores. Also, it is possible to achieve the 2-D confinement by simply reducing the width of the HCG, which can lead to a cost-effective waveguide fabrication. The fullvector simulations of HCG and HWG, based on Rigorous coupled wave analysis (RCWA) [20] , Finite-Difference Method (FDM) and Film-Mode-Matching Method (FMMM) [21] are presented. We experimentally demonstrate a low propagation loss for a TE mode and a low birefringence in an HWG with vertical and lateral periodicity.
Structure of Proposed HWG
The schematic of the proposed HWG is shown in Fig. 1 . It consists of a DBR as a bottom mirror and an HCG as a top mirror of an HWG. Light can be confined vertically in an air core utilizing the high reflectivities of DBR and HCG. The structure consists of a 5-pair Si/SiO 2 bottom DBR mirror where each layer in DBR is quarter-wavelength thick, which is designed for oblique incidence. Because of the high refractive index contrast between Si and SiO 2 , only 5 pairs of Si/SiO 2 are enough to achieve a high reflectivity. The top HCG mirror consists of a high-index-contrast silicon/air grating. In an HCG mirror, many in-plane reflections add up and give rise to vertical high reflection [17] . The important design criterion for the HCG is that the transmitted waves should interfere destructively and the waveguiding inside the grating should also be avoided by optimizing the grating parameters. The important design parameters for the HWGs are: air-core thickness D, grating thickness t g , grating pitch Ã, grating teeth width w and grating duty cycle C. In an HWG, the angle of incidence of optical rays will be small. To confine the light in air, one of the important requirements is to design the HCG at oblique incidence. In the following section, we study the dependence of HCG reflectivity on the angle of incidence.
HCG: Incidence Angle Dependence
In an HWG, the complementary angle of incidence, shown in Fig. 1(b) , remains small. The analysis of incidence angle dependence of HCG reflectivity becomes important to find the optimized grating parameters to achieve high reflectivity from HCG at oblique incidence. As shown in Fig. 1(b) , the plane of incidence, in the proposed HWG, is YZ . Fig. 2 (a) and (b) show the dependence of reflectivity for TM and TE modes on an incidence angle in YZ plane and on the grating pitch; where grating thickness t g ¼ 0:45 m, grating teeth width w ¼ 0:5 m and a wavelength of 1550 nm has been assumed. For these parameters, the required grating pitch, to achieve high reflectivity, for oblique incidence ð $ 10 Þ of TM mode is larger than that for normal incidence ð $ 90 Þ. In going from normal to oblique incidence, the diffraction loss increases because of the de-phasing in laterally excited modes and one needs larger pitch (or smaller duty cycle) to reduce the diffraction losses. In case of TE mode also, larger pitch is required to achieve high reflectivity at oblique incidence. For application in HWGs, we need to consider only oblique incidence. Fig. 2(c) shows the calculated reflectivity of HCG versus the angle of incidence for TE and TM modes at t g ¼ 0:45 m, grating pitch Ã ¼ 1:2 m and grating duty cycle C ¼ 0:41. The simulation has been done using RCWA. The reflectivity of TM mode is larger than that of TE modes at all angles which shows that the penetration of TE mode into cladding is larger than that of TM mode. For the angle of , which is the case of HWG at an air-core thickness of 5 m, the reflectivity of TM mode is 99.8% while it is 94% for TE mode.
Propagation Characteristics of HWG
The high reflectivity of a bottom DBR mirror and that of a top HCG mirror in our proposed HWG can be utilized to confine light in the air gap between the two mirrors. The basic schematic of the proposed HWG with vertical and lateral periodicity was shown in Fig. 1(a) . The simulation of HWG has been performed using FMMM and is confirmed by FDM. The effect of grating pitch Ã and grating thickness t g on the propagation loss for a fundamental TE mode, computed by FMMM, is shown in Fig. 3(a) . For the simulation, the wavelength of 1.55 m has been chosen. The air-core thickness of the HWG is 5 m and the grating teeth width is 0.5 m. It is shown that the propagation loss of the HCG HWG is sensitive to any change in Ã and t g . Low propagation loss can be realized with a larger pitch (low duty cycle) of the grating even at narrower air cores. At any t g , the propagation loss has a minimum near a pitch of Ã ¼ 1:2 m. The propagation loss is lowest for It is noted that for oblique incidence, which is the case with HWGs, one needs larger pitch or smaller duty cycle of HCG to achieve lowloss HWGs. For the same parameters, the propagation loss of the TM mode is 2.7 dB/cm. The calculated mode field distributions of TE and TM modes in the HWG with vertical and lateral periodicity are shown in Fig. 3(b) and (c), respectively. We note the strong vertical confinement in the HWG and the confinement of the TE mode is stronger than that of the TM mode. In HWGs, higher order modes exist but if a fundamental mode is excited then it will be retained efficiently.
HWGs show large polarization dependence because of the shallow incidence angle of a fundamental mode. To realize ultrawide tuning in HWGs, we need to use an HWG with a narrower air core; but the birefringence at narrower cores remains large [16] . The polarization characteristics of HCG HWGs are shown in terms of birefringence in Fig. 3(d) at the grating parameters of Bset A.[ The birefringence is defined as B ¼ ð TE À TM Þ= TE , where is propagation constant. In Fig. 3(d) , the effect of an air core on the birefringence is shown where the birefringence of conventional HWGs (having DBRs on top and bottom) is also shown for comparison. The result shows that the birefringence of the HCG HWG is much smaller than that of the conventional HWG at narrower air cores. By increasing the air-core thickness, the birefringence of the HWGs decreases for both the cases [16] . At an air-core thickness of 5 m, the birefringence of the HCG HWG is 2:8 Â 10 À3 ; which is almost 2.6 times smaller than the birefringence of a conventional HWG. To achieve ultrawide tuning, the HCG HWG with narrower air cores can be realized with smaller birefringence. The reason for this small birefringence is because of the opposite nature of conventional DBR mirror and HCG mirror; their combined (and opposite) interaction with the orthogonal polarizations results in the reduced birefringence. In case of the DBR-DBR HWG, the large birefringence comes from the field penetration of a TM mode into the DBR. The propagation constant of a TM mode is larger than that of a TE mode. On the other hand, a HCG gives us stronger optical confinement for a TM mode in an air core than DBRs. Thus, the propagation constant of a TM mode in the HCG-DBR HWG is smaller than that in the DBR-DBR HWG while the propagation constant of a TE mode remains almost same for both the cases. The difference in the field penetration results in a lower birefringence.
Two-Dimensional Confinement With Patterned HCG
For the implementation of HWGs in practical photonic devices, it is necessary to confine light in the lateral direction. As we have seen in the above discussion, a strong vertical confinement can be achieved in an HWG with a HCG mirror which is shown in Fig. 3(b) . Two-dimensional optical confinement in HWGs can be achieved by increasing the effective index of the air core in the middle of the air-core region. This can be done by introducing the HCG only in the middle region as shown in Fig. 4(a) , where the effective index of the fundamental mode in the middle of air core is n 1 while the effective index of rest of the air core is n 2 . We found that the presence of HCG increases the effective index of the fundamental guided mode causing n 1 9 n 2 , which provides strong lateral optical confinement because of the quasi-total internal reflection [13] . Fig. 4(b) and (c) show the calculated field distributions for TE and TM modes, respectively, where vertical and lateral optical confinement is noted. The simulation has been done using FMMM. The width of the grating region in the top HCG mirror is 10 m; where the parameters of Bset A[ are used. The calculated effective index n 1 under the HCG is larger than that ðn 2 Þ of the outside cladding region. The vertical confinement in the absence of HCG results from the antiresonant reflection because of the index discontinuity and the glancing angle of incidence, owing to the principle from ARROW structures [9] . The larger effective index under HCG is because of the fact that the multi-reflections from HCG increase the phase difference of the guided light which increases the effective index. Therefore, 2-D confinement can be realized by introducing a patterned HCG in the middle.
The calculated propagation losses for a fundamental TE and TM modes versus grating pitch are shown in Fig. 4(d) . The propagation loss of this 3-D HWG is larger than that of slab HWG discussed in the previous section. In case of the 3-D HWG, the propagation losses for TE and TM modes are also the lowest near Ã ¼ 1:2 m. The propagation loss at the parameters of Bset A[ is 2.2 dB/cm while it is 10.2 dB/cm for TM mode. The calculated polarization dependence loss (PDL) is 8 dB/cm. The polarization dependence of HWG can be controlled by varying the grating parameters. Fig. 4(e) shows the birefringence control by grating thickness. The calculated birefringence is lowest, 5 Â 10 À4 for same Bset A.[ A small enough value of birefringence 5 Â 10 À4 can be obtained without using phase matching layer [16] . Also, the fabrication tolerance of propagation loss as well as birefringence is large enough to withstand standard variation in grating parameters.
Fabrication and Characterization of HWG
The schematic of the fabricated HWG is shown in Fig. 5(a) . The structure consists of a DBR mirror with vertical periodicity at the bottom having 5 pairs of Si/SiO 2 and an HCG mirror with lateral periodicity at the top. The bottom DBR mirror is loaded with SU-8 spacers. The quarter-wavelength-thick layers Si/SiO 2 (5 pairs) as a DBR mirror were deposited on a silicon substrate by electron beam evaporation. On the DBR mirror, 5-m-thick SU-8 spacers have been partly formed using standard photolithography. The distance between the pillars is 300 m and that is why these pillars have negligible impact on propagation characteristics. The air-core thickness of the HWG is fixed by the SU-8 spacer layer thickness on the DBR mirror. The HCG mirror on the top was formed in an SOI wafer having 1-m-thick SiO 2 and 0.45-m-thick silicon layer. The Si/air grating was fabricated by electron beam lithography followed by dry etching. The SEM top view of the fabricated HCG is shown in the inset of Fig. 5(a) . All the waveguide parameters are from Bset A.[ The bottom DBR mirror loaded with SU-8 spacers was then bonded onto the top HCG mirror to form the HWG with vertical and lateral periodicity. The measured near-field pattern is shown in Fig. 5(b) where we observed vertical and lateral optical confinement.
The propagation loss of the HWG for TE mode was measured using a cut-back method. We fabricated HWGs with various lengths. The measured propagation loss versus waveguide length is shown in Fig. 6(a) . The measured propagation loss estimated from Fig. 6(a) is 4.2 dB/cm while the calculated propagation loss of the same structure of Fig. 4(a) is 2.2 dB/cm from Fig. 4(d) . The measured propagation loss is larger than its calculated value which may be because of the fabrication errors including imperfect DBR layer thickness, imperfect HCG parameters or surface roughness inside an air core. In a separate experiment, we also measured the insertion losses for TE and TM modes for a 3-mm-long waveguide. The measured insertion losses for TE and TM modes are 1.2 dB and 3.8 dB, respectively and thus the measured PDL is 8.7 dB/cm which is not low enough, but would be acceptable for millimeter-long devices. Further optimizations of the HCG structure to reduce a TM mode loss are under progress. We found that the reduction in a HCG thickness and introducing a phase matching layer in a DBR [16] can reduce the TM mode loss and hence a lower PDL can be expected. Our calculations show that at t g ¼ 350 nm and a phase matching layer of 56 nm, the propagation loss of a TM mode is 4.5 dB/cm while that of a TE mode is 2.7 dB/cm; the calculated PDL, thus, is 1.8 dB/cm with a birefringence of 1:7 Â 10 À4 . Further reduction of both PDL and the birefringence can be expected by optimizing the grating parameters of HCG.
To measure the birefringence of the HWG we form a SiO 2 grating on the DBR mirror which acts as a reflecting element as described in [12] . The birefringence is given by B ¼ ðn TE À n TM Þ=n TE where n TE and n TM are effective indices of TE and TM modes, respectively. The Bragg wavelength is given by ¼ 2nÃ where Ã is grating pitch. The birefringence can be estimated directly from Bragg wavelengths of TE and TM modes as the Bragg wavelength is proportional to effective index [12] . The grating reflectivity would also be affected by the imaginary part of the effective index. However, this effect can be neglected since the imaginary part is 10 3 times smaller than that of the real part. Also, the birefringence in terms of Bragg wavelength can be given by B ¼ ð TE À TM Þ= TE , where TE and TM are the Bragg wavelength for TE and TM fundamental modes, respectively. The measured reflected spectrum of the fabricated 3-mm-long HWG with a SiO 2 grating is shown in Fig. 6(b) . The central peak wavelength for TE mode is 1527.8 nm while that for TM mode is 1527 nm which corresponds to a birefringence of 5 Â 10 À4 , which is in agreement with the calculated result for t g ¼ 0:48 m as shown in Fig. 4(e) . Thus the thickness of the silicon layer on SOI wafer may be 0.48 m instead of 0.45 m. Although the grating itself used as a reflecting element may cause a birefringence, the grating would make small contribution to the measured birefringence of the HWG. Our previous study [22] shows that the calculated birefringence of HWGs is in agreement with the measured birefringence of grating loaded HWGs.
Conclusion
In conclusion, an HWG with vertical and lateral periodicity has been proposed and numerical simulation results have been presented. A strong optical confinement can be achieved with the proposed HWG. The combination of DBR and HCG mirrors enables us to reduce the birefringence even at narrow air cores. A patterned HCG leads to strong lateral confinement in HWGs. An acceptable low propagation loss of TE mode for millimeter-long devices has been obtained theoretically and experimentally. Also, small birefringence of the order of 10 À4 has been demonstrated. With the further structural optimizations, the proposed structure can be used with narrower air cores to realize widely tunable photonic devices with low polarization dependence and low temperature sensitivity. There is a strong possibility of realization of the polarization insensitivity with HCG HWG. Further research on the utilization of unique properties of HWG and HCG is in progress. With the collaboration of HCG and the inherent properties of HWGs such as temperature insensitivity and wide tuning, it will be possible to design novel optical functions with large design tolerances.
